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ABSTRACT 
The a p p l i c a b i l i t y  o f  e x i s t i n g  t h e o r e t i c a l  methods f o r  e s t i m a t i n g  
t h e  h y p e r s o n i c  aerodynamic c h a r a c t e r i s t i c s  o f  a  l i f t i n g - b o d y  s p a c e  s h u t  t i e  
o r b i t e r  has  been s t u d i e d .  The delta-body o r b i t e r  proposed by Lockheed 
(Model LS-200-5) was used i n  t h i s  s t u d y .  The Hypersonic  A r b i t r a r y  Body 
Program (HABP) o f  Gentry and Smyth was used f o r  e s t i m a t i n g  t h e  pe r fo rnance  
of t h e  b a s i c  v e h i c l e ,  and Newtonian and "embedded flow" concepts  were 
used f o r  e s t i m a t i n g  c o n t r o l  e f f e c t i v e n e s s .  The p r e d i c t e d  c h a r a c t e r r s t i c s  
were compared w i t h  e x p e r i m e n t a l  measurements made i n  t h e  Langley Continuous 
Flow Hypersonic  Tunnel  a t  a  f ree - s t ream Mach number of 1 0 . 4  and i n  the 
Ames 3 ,5 - foo t  h y p e r s o n i c  t u n n e l  a t  a  Mach number of 7 , 4 .  I n  g e n e r a l ,  
t h e  W P  method prov ided  good e s t i m a t e s  of aerod-ynamic c h a r a c t e r i s t i c s  a t  
ang les  o f  a t t a c k  l e s s  t h a n  about 30' b u t  o v e r p r e d i c t e d  somewhat t h e  force  
c o e f f i c i e n t s  a t  l a r g e  a n g l e s  of a t t a c k ,  The "embedded flow" approach 
p rov ided  t h e  b e s t  e s t i m a t e s  of aerodynamic c o n t r o l  e f f e c t i v e n e s s ,  a s  
expec ted ,  a l though  Newtonian e s t i m a t e s  were a l s o  reasonab ly  a c c u r a t e ,  
INTRODUCTION 
At h y p e r s o n i c  speeds  s imple  t h e o r e t i c a l  methods a r e  a v a i l a b l e  which 
have been found t o  p r o v i d e  good e s t i m a t e s  of aerodynamic c h a r a c t e r i s  t Les  
f o r  b lended delta-wing d e s i g n s .  T h i s  was demonstra ted i n  p r e s e n t a t i o n s  
a t  t h e  Space T r a n s p o r t a t i o n  System Technology Symposium (Ref ,  1 )  f o r  the 
North American Rockwell O r b i t e r  and a t  t h e  NASA Space S h u t t l e  Technology 
Conference (Ref, 2)  f o r  t h e  McDonnell-Douglas O r b i t e r ,  The use  o f  a 
r e l a t i v e l y  compact l i f t i n g - b o d y  des ign  f o r  t h e  s h u t t l e  o r b i t e r  has  a l s o  belee 
proposed by t h e  Lockheed Corp. and t h e  p r e s e n t  paper  p r e s e n t s  some 
t h e o r e t i c a l - e x p e r i m e n t a l  c o r r e l a t i o n s  f o r  t h e  Lockheed v e h i c l e .  
NOTATION 
d r a g  d r a g  c o e f f i c i e n t ,  
qoos 
l i f t  
C~ l i f t  c o e f f i c i e n t ,  -qmS 
C r o l l i n g  moment rolling-moment c o e f f i c i e n t ,  
1 qmSl 
i t c h i n g  moment pitching-moment c o e f f i c i e n t ,  P 
qmSl 
awing moment y awing-moment c o e f f i c i e n t  , 
qmS' 
1 r e f e r e n c e  l e n g t h  
L /D  l i f  t -drag r a t i o  
f  ree-s t ream Mach number 
qm f ree -s t ream dynamic p r e s s u r e  
f ree - s t ream Reynolds number based  on model l e n g t h  
1 
S r e f e r e n c e  a r e a  
u a n g l e  of a t t a c k  ( r e l a t i v e  t o  model f l a t  lower  s u r f a c e )  
B a n g l e  of s i d e s l i p  ( p o s i t i v e  nose  t o  t h e  l e f t )  
A( > increment  q u a n t i t i e s  
( )B d e r i v a t i v e  w i t h  r e s p e c t  t o  B a t  6 = 0.  
CONFIGURATION 
A s k e t c h  o f  t h e  proposed Lockheed s p a c e  s h u t t l e  o r b i t e r  is p r e s e n t e d  
i n  f i g u r e  1. The v e h i c l e  i s  a  d e l t a  l i f t i n g - b o d y  des ign  of compact shape 
w i t h  h i g h  v o l u m e t r i c  e f f i c i e n c y ,  L o n g i t u d i n a l  c o n t r o l  i s  prov ided  by 
upper  and lower  f l a p s  and by e levons  ( a t t a c h e d  t o  t h e  end o f  t h e  lower 
f l a p )  which can a l s o  b e  d i f f e r e n t i a l l y  d e f l e c t e d  a s  a i l e r o n s ,  Twin ker t ica .1  
s t a b i l i z e r s ,  c o n t a i n i n g  b o t h  rudders  and speed  b r a k e s ,  p r o v i d e  d i r e c t i o n a l  
s t a b i l i t y  and c o n t r o l .  F u r t h e r  d e t a i l s  r e g a r d i n g  t h e  d e s i g n  of this vehic le  
may b e  found i n  Ref.  3. 
COMPARISONS OF PREDICTED AND MEASURED 
AERODYNAMIC CWRACTERISTICS 
The hypersonic experimental characteristics of the Lockheed orbiter are 
presented in Ref, 4. The tests were made in the NASA-Langley Continuous 
Flow Hypersonic Tunnel at a free-stream Mach number of 10.4, and in t h e  NPSA- 
Ames 3.5-foot hypersonic tunnel at a free-stream Mach number 0% 7 . 4 "  The 
Eangley tests provided data at angles of attack up to about 20 , and t%e 
Ames tests extended the angle of attack range up to about 47 . 
ABthough some estimated results for the basic vehicle (controls 
undeflected) were included in Ref, 4, the present paper presents a more 
detailed comparison of estimated and measured aerodynamic characteri~tics 
including three examples of deflected controls: (a) deflection of the 
lower trim flap (see figure 1), (b) differential deflection of the eievons, 
and (c) deflection of the rudders, 
The theoretical estimates presented in this report for the basic venicle 
shape (undeflected controls) were obtained (courtesy of Nr. H. H. Drcsaat  
and Mr, F,  A. Velligan of the Lockheed Missiles and Space Co.) by applicatzon 
of the Hypersonic Arbitrary Body Program (MBP) of Gentry and Smyth, Ref, 5 
Estimates of the various control effectivenesses were made by applying 
"Newtonian" and "embedded flow" concepts (the HAB-Program was not used f c r  
reasons discussed later in this report). 
Lift Coefficient and Lift-Drag Ratio 
Comparisons of prediceed and measured lift coefficient and lift-drag ratio 
are presented in figure 2. The theoretical estimates shown in this figure 
were obtained by applying the WB-Program with 'kanngen-conePQ, '%ewwtcanians' 
options used far compression surfaces and an application of the "Van 3yke 
Unified Method'' on expansion surfaces, Estimates for the skin friction (For 
free-stream conditions approximating those for the Langley tests) were 
included since friction forces affect the lift-drag ratio noticeably at Jor;r 
angles of attack, The estimated lift-drag ratio agrees closely with ex~errxenc 
throughout the angle-of-attack range, The estimated lift coefficien~s ~ L s o  
agreed closely with measurements at low angles of attack but were overpr~dacted 
at large angles of attack, This is a consequence of the flow field 73eccpri::ng 
subsonic near virtually the entire lower surface of the vehicle at large arig2es 
of attack and the loading is overpredicted in the regions of rapid flow 
acceleration over the swept leading edges (A similar result is the overprc-  
diction by modified Newtonian theory of the drag on the blunt entry face ~2 
the Apolbo vehicle where subsonic flow accelerates rapidly to superso1-5~ E l o x  
in the shoulder region.) 
Control Effectiveness 
Comparisons of calculated and measured pitching-moment coefficients are 
presented in figure 3 for various deflections of the lower trim flap, The 
Hypersonic Arbitrary Body Program was used to estimate only the zero control 
deflection case, For deflected controls, the U B P  methods are applicable 
only when Newtonian (or tangent cone) concepts apply since no provisions are 
made to approximate the tip effects for low-aspect-ratio surfaces. Although 
the HABP method includes the effects of flow separation ahead of deflected 
controls, only two-dimensional boundary layers are considered, whereas t he  
separation phenomenon is strongly affected by tip effects for low-aspect- 
ratio surfaces (see Ref. 6)- In the present study this phenomenon was not 
considered for lack of an adequate prediction technique. 
For deflections of the lower trim flap (see figure 1), increments; 
moments were calculated by sqNewtonian's (obtained by the method described i r t  
APPENDIX A of Ref. 7) and by an "embedded flowP\oncept (Ref. 8) which 
assumed in the present case a dual body-control shock system but wieb reduced 
loading in the local regions of the Mach cones from the control tips, (The 
pressure coefficients in the tip regions were crudely approximated by straight- 
line variations from the two-dimensional-flow value to zero at the control's 
side edges,) The latter method is applicable, only so long as the f43;i 
remains supersonic and thus is restricted ro moderate angles of attack, 
In general, the estimated values shown in figure 3 agree reasor~ably w e l l  
with the measured values. For this vehicle, simple theories provide reasonzbly 
accurate estimate of the pitch-flap effectiveness. 
Comparisons of estimated and measured rolling-moment coefficient, C , 
1 
acd ya~ding-moment coefficient, C , are presented in figure 4 for the e%evons 
n 
deflected differentially and for the rudders deflected. The simple theories 
grovide reasonably good approximations for the elevon effectivenesses. 3 e  
measured rudder effectiveness agrees well with simple Newtonian at low 
angles of attack but not at high angles of attack where the flow has become 
subsonic in the region of the flat undersurface of the vehicle, 
Lateral-Directional Stability 
Comparisons of the measured and predicted yawing-moment and rolling- 
moment derivatives C , and C (body axes), are presented in fignre 5 
n, B 
for the basic vehicle (controls undeflected), Also included in this Elgure 
is a thesretical-experimental correlation of the dynamic stability pa ran r t e r  
(where IZ/IX can be expected to be about 5 for this vehicle) which is 
an important flight parameter to consider for lifting bodies at angle of 
attack (Ref. 9). At angles of attack up to about 3Q0 the HABP methods 
provide good estimates of the stability levels including the angles of 
attacks for changes in stability sign. However, at angles of attack greater 
than about 30' the theory tends to overpredict the stability level (note  
in particular C vs a) , 
n& 
CONCLUDING REMARKS 
The present study indicates that the Hypersonic Arbitrary Body Program 
may be used to provide good estimates of the hypersonic aerodynamic force 
and moment characteristics of the lifting delta-body shape at angles of 
attack up to about 30°. At larger angles of attack, where the flow adjacent 
to the undersurface is subsonic, the theory fails to cope with the complex 
nzixed flow problem and overpredicts the vehicle aerodynamic forces, altT-mugb 
the ratio of lift to drag is predicted well, 
Estimates of the effectiveness of various controls in the preser:t 
study were made using Newtonian and 'kmbbedded flow" concepts and, aLthougP 
the embedded flow approach provided the best estimates, as expected, "iire 
Faewtanian estimates were also reasonably good, The W P  methods should be 
used with caution for esefinating control effectiveness since no procedures 
are included for estimating tip effects when low-aspect-ratio control 
surfaces are used. 
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